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OPTOACOUSTIC  SPECTROSCOPY  TO  DtTLCT  HYDRAZINE  FUELS 


INTRODUCTION 


I  he  D.S.  Air  Force  now  he--.  need  of  t  ,  ortable  r*t; .  <  1  -  i  i  |< >  i  nt.  leLector, 
with  a  sensitivity  of  at  least  O.l  ppm,  tor  the  hydrazine  tools.  Therefore  the 
purpose  of  tnis  report  is  to  present  the  principles  and  practice  of  optoacoustic 
spectroscopy  and  a  theoretical  analysis  ol  the  feasibility  for  using  this  tech¬ 
nique  to  detect  the  gaseous  hydrazine  fuels  (hydrazine,  monomethyl hydrazi ne 
{ MMH } ,  and  1 , 1-dimethyl hydrazi ne  (UDMHj).  The  success  of  numerous  efforts  to 
detect  small  quantities  of  gaseous  pollutants  is  shown  in  Table  1. 


BACKGROUND 

The  optoacoustic  effect  was  discovered  by  Alexander  Graham  Bell  over 
90  years  ayo  (30-32).  In  his  pioneering  experiments,  Bell  focused  mechanically 
chopped,  non-di spersed  sunlight  onto  a  sample  tube.  When  the  light  fell  inter¬ 
mittently  on  a  solid  or  liquid  in  the  sample  tube  and  was  absorbed.  Bell  wit¬ 
nessed  a  "sonorousness"  through  an  attached  listening  tube  (a  short  length  of 
tubing  connected  to  one  end  of  the  sample  cell,  with  the  other  end  placed  in  the 
observer's  ear).  The  frequency  of  the  emitted  sound  was  that  at  which  the  inci¬ 
dent  light  was  modulated. 

Tne  transformation  of  optic  to  acoustic  eneryy  was  reported:  "...the 
pulses  of  absorbed  optical  quanta  are  degraded  in  t Tie  sample  to  heat  pulses, 
which  in  a  gas,  express  themselves  as  pressure  pulses,  that  is,  sound. ..." (32) . 
In  summarizing  the  sonorous  effects  produced  in  a  variety  of  materials,  Cell 
prophesied:  "I  recognize  the  fact  that  the  spectrophone  must  ever  remain  a  mere 
adjunct  to  the  spectroscope;  but  I  anticipate  that  it  has  a  wide  and  independent 
field  of  usefulness  in  the  investigation  of  absorption-spectra  in  the  ultra-red" 
(32). 


Mercadier,  Preece,  Roentgen,  and  Tyndall  also  reported  studies  of  the  opto¬ 
acoustic  effect,  particularly  with  gases  (21b,  28b,  298,  299,  367) .  Their  at¬ 
tempts  were  not  very  successful,  due  to  the  lack  of  sensitive  acoustic  detection 
devices.  After  these  early  studies,  no  further  work  was  reported  until  1938. 

In  1938,  three  independent  investigators  reported  the  application  of  the 
optoacoustic  effect  to  gas  analysis.  Luft,  Pfund,  and  Vemgerov  all  described 
instruments  for  the  analysis  of  gases  and  gas  mixtures  which  utilized  the  opto¬ 
acoustic  effect  to  detect  their  absorption  of  infrared  radiation  (19b,  273,  3bG- 
362) . 


bince  then,  numerous  investigators  have  measured  the  vibrational  relaxation 
rates  in  gases,  and  have  presented  theoretical  treatments  ot  the  optoacoustic 
effect  (4,  6,  7,  11,  12,  lb,  20-27,  42,  43,  4b,  47-b2,  54-66,  b8,  60,  61,  64, 

6b,  69-71,  7b,  77,  80,  91,  92,  94,  9b,  106,  107,  110-113,  lib,  118,  119,  124, 
12b,  136,  148-164,  158,  loO,  163,  167,  173-1/8,  181,  18b,  188,  194,  202-2(b, 
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TABLE.  1.  LASER  0PT0AC0UST1C  SPECTROSCOPY-OtTECTABLC  GAS 
StNSI T I V I  TIES  (INTERFERENCE-FREE) 


Gas 

Laser 

Wavelenqth  (um) 

Reference 

Aceton i tr i  le 

CO) 

9.4  P(  1  6) 

670.0 

252 

Acetyl  ene 

CO, 

10.4  P( 1 4) 

3.0 

252 

Ammon  j  a 

CO, 

10.4  K(6) 

3.3 

252 

COy 

9.4  R  ( 50) 

0.8 

252 

co; 

1 0.7  P(32) 

1.2 

204 

CO 

6.2  P(I5> 

0.4 

176 

CtR 

9.2  R (30) 

0.3 

318 

CO, 

10.4  R(6) 

1.1 

318 

Benzene 

CO, 

9.4  P(30) 

48.0 

252 

C<5 

9.4  P(20) 

143.0 

252 

cc£ 

9.6  P  ( 3  0) 

3.0 

176 

1 , 3-Butad iene 

CO 

6.2  P(  1  3) 

1.0 

175 

co2 

10.7  P(30) 

2.0 

176 

butane 

co2 

10.4  R( 1 4) 

200.0 

252 

T-Bu^anol 

CO) 

10.4  P(34) 

26.0 

252 

c% 

10.4  P(30) 

31.0 

252 

1 -Butene 

CO 

6.1  P(9) 

2.0 

175 

C  Oz 

10.8  P(38) 

2.0 

176 

Cyc 1 ohexane 

CG? 

9.4  P(28) 

250.0 

252 

Cyc lohexanono 

co2 

9.6  P(10) 

20.2 

71 

1 , 2-0 i ch 1 oroethane 

CO? 

10.4  PC  10) 

4  5 0.0 

252 

CO, 

10.4  PC22) 

500.0 

252 

D  i  n i trate 

CO, 

9.6  P( 1 4) 

8.26 

71 

2,4-0 i n i tro toluene 

CO, 

9.6  P( 1 6) 

0.5 

71 

tthyl  Acetate 

CCfe 

9.4  P(6) 

8.3 

252 

CO, 

9.4  P( 1 4) 

9.0 

252 

Ethyl  ene 

COj 

10.4  P(14) 

2.6 

252 

CO, 

10.6  P( 1 4) 

0.2 

176 

CO, 

10.5  P(  1  4) 

0.3 

177 

CO, 

10.5  P( 1 4) 

0.3 

330 

Ethyl  ene  Glycol 

c<^ 

9.4  P( 1 4) 

38.0 

252 

Fr  eon- 1  1 

cc^ 

9.4  H(22) 

18.0 

252 

Fr  eon- 1 2 

CO, 

9.4  R(20) 

20.0 

CO, 

10.4  P(30) 

5.5 

CO, 

10.8  P(42> 

0.35 

318 

co; 

9.2  K(32) 

2.4 

3  18 

- 

(Gont'd.  on  faciny  pa  go) 


TABLE  1.  (Cont'd.) 


r 

% 


Gas 

Laser 

Wavelength  (pm) 

Reference 

Freon  - 1  13 

C(£ 

9.4  P(26) 

5.0 

262 

Freon  -114 

CO, 

9.4  P( 1 4) 

3.6 

252 

Furan 

cc^ 

10.4  R (30) 

25.0 

252 

lodo  Propane 

CC£ 

9.4  R(24) 

350.0 

252 

1 sopropanol 

c<^ 

10.4  P(  1 0) 

29.0 

252 

Methane 

He-Ne 

3.4 

10.0 

174 

Methanol 

C(^ 

9.7  P(34) 

0.3 

176 

Methyl  Chloroform 

C(^ 

9.4  R { 2 4 ) 

1  1.0 

252 

Methyl  Ethyl  Ketone 

co2 

10.4  P(22) 

83.0 

252 

Methyl  ami  ne 

CO, 

9.4  P(24) 

120.0 

252 

cc£ 

9.6  P(30) 

25.3 

71 

Nitric  Oxide 

CO 

5.2  P<  1  1) 

0.4 

176 

CO 

5.3  P{  1  2) 

10.0 

175 

Ni  trogen  Dioxide 

CO 

6.2  P( 1 4) 

0.1 

1  Vo 

Dye 

0.5  -  0.6 

4.0 

64 

Argon 

Not  reported 

5.0 

137 

Ni  troglycer ine 

C<^ 

9.4  P( 1 4) 

0.7 

252 

COj 

9.4  P((41 

0.23 

71 

Ozone 

CC^ 

9.4  P( 1 4) 

9.0 

252 

Perch loroethyl  ene 

CD, 

10.4  P(42) 

3.2 

252 

cc§ 

10.4  P(40) 

4.3 

252 

10.8  P(42) 

1.1 

318 

c(5 

10.8  P(40) 

1.4 

318 

Propyl  ene 

CO 

6.1  P<9) 

3.0 

176 

Sulfur  Hexafluoride 

CC£ 

10.4  P(  1  6) 

0.2 

252 

Tr ich loroethyl  ene 

CCR 

10.4  P(20) 

13.0 

252 

cd> 

10.6  P(24) 

0.7 

176 

CC£ 

10.6  P< 20) 

4.2 

318 

Vinyl  Chloride 

CC£ 

10.4  P(22) 

12.0 

252 

Water 

CO 

5.9  PC  1  3) 

14.0 

1  76 

r 


207,  203,  209,  211,  212,  228,  23b,  240,  246,  256,  267,  259,  262-268,  270,  271, 

286,  287,  292,  294,  296,  297,  300,  303,  313-316,  318-320,  322,  330,  336, 

342-346,  347,  361-356,  365-368,  370-373,  379,  381-383,  387).  Refinements  in  the 
instrumentation  used  for  optoacoustic  measurements  have  also  been  reported  (1, 

4,  5,  9,  18,  20,  22,  24,  35-39,  41,  42,  44,  46,  54,  55,  62,  63,  66,  67,  73,  74, 
78,  79,  81,  82,  84,  85,  90,  93,  9b-101,  103,  104,  114,  116,  117,  120-123,  131, 
132,  137,  145,  146,  149,  156,  157,  162,  168-172,  179,  180,  186,  187,  190,  193, 
197,  199-202,  215,  220,  224-227,  229,  236-239,  241,  243-245,  248,  249,  252,  263, 
260,  261,  269,  272,  274-276,  278,  279,  287-291 ,  293,  301,  302,  304,  321,  332, 

334,  337,  338,  341,  348-350,  369,  3b4,  376,  385,  386). 

In  addition  to  studying  gases  by  optoacoustic  spectroscopy,  many  inves¬ 
tigators  have  applied  this  technique  to  the  direct  examination  of  solid  and 
semi-solid  samples  (3,  8-10,  13-16,  17,  19,  33-19,  53,  5/,  /?_,  / 6,  83,  86,  1  14, 
126-130,  133-135,  155,  159,  161,  164,  166,  182,  183,  191,  192,  195,  198,  206, 
210,  213,  217,  223,  230-234,  247,  ?s4,  258,  277,  29b,  305-312,  316,  317,  333, 

335,  340,  346,  363,  369,  374,  378,  80,  384).  Houghton  and  Acton  observed  opto¬ 

acoustic  signals  from  films  of  acetylene  soot,  camphor  soot,  flat-black  paper, 
and  black-body  cavities  (133).  Harshbarqer  and  Robin,  who  described  an  experi¬ 
mental  configuration  for  optoacoustic  spectroscopy  in  the  UV  and  the  visible 
region,  reported  its  application  in  analyzing  various  solid  samples--including 
powdered  K2Cr207,  flower  petals,  urass,  dried  blood  smears,  ultramarine,  and 
carbon  black  (118).  Rosencwaig  described  the  use  of  optoacoustic  spectroscopy 
to  obtain  spectra  for  inorganic  samples  and  biological  materials  (304-312). 
Parker  (258)  and  Parker  and  Ritke  (259)  observed  optoacoustic  signals  from  a 
surface  film  on  the  window  of  a  sample  cell  designed  to  study  the  collisional 
deactivation  of  singlet  molecular  oxygen.  Bennett  and  Forman  (33-39),  Kerr 
(159),  Kerr  and  Atwood  (160),  and  Rosencwaig  and  Gersho  (310,  311)  developed  not 
only  theoretical  interpretations  of  the  optoacoustic  effect  observed  in  sample 
cells  excited  by  laser  or  continuum  sources  but  also  theoretical  explanations 
for  the  heat  transfer  process  at  the  solio-gas  interface.  The  measurement  and 
theory  of  thermal  diffusivity  and  optical  absorption  spectra,  part i cul arly  for 
rionhomogeneous  samples,  have  also  been  documented  (14,  16,  27,  28,  33-39,  48, 

52,  56,  60,  61,  69,  70,  75,  77,  80,  81,  91,  92,  94,  112,  113,  115,  118,  119, 

122,  126-130,  133,  134,  155,  169,  160,  164,  166,  171,  173,  174,  177,  181-183, 
185,  188,  191,  192,  195,  196,  205-208,  210-212,  217,  223,  234,  247,  256,  258, 
259,  262,  265,  267,  296,  297,  300,  310,  311,  313,  316,  317-319,  330,  334-336, 
340,  345,  351,  353-35b,  3bU-3b2,  365,  366,  3/0,  372,  378,  382,  384). 

One  of  the  most  recent  applications  of  optoacoustic  spectroscopy  has  been 
the  detection  of  asbestos  fibers  (chrysotile)  in  municipal  drinking  water  at 
concentrations  as  low  as  0.1  nanograms  per  cubic  centimeter  (277).  Also,  the 
General  Motors  Research  Laboratory  has  fabricated  an  optoacoustic  spectrometer 
to  measure  diesel  engine  exhaust  particulate  emissions  with  a  0.6-sec  response 
time  (254,  275,  276). 

In  brief,  according  to  the  fort-going  review  of  the  development  and  applica¬ 
tion  of  optoacoustic  spectroscopy,  its  use  in  gaseous  and  in  solid  analyses  has 
been  established  and  accelerated  with  the  introduction  of  laser  sources. 
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(jhNi  r.AL  SYblLM  '  V..K  I  r’T  I U!. 

1*i  optoacoustic  spectroscopy ,  radiant  I  ?ei:r  ener-. *  (watt  is  t ,  •  *  on- 
verted  to  sound  pressure  (pasta  Is),  uno  'men  t  •  an  elect  ri.  j!  potent  1  a >  ( vol f  s  •  . 

i  ■.  urv  i  r-ijr-'s.'i'i  ■,  a  sirpl  i  fled  'spor  i; 'toit  d  1  uptodcoust i c  spec*  '■osco;  y  cyste 
,  >  .«it  t  rum  ine  loser  is  -.od.i  !a  tea  *»y  pus  sing  it  through  d  rotating  <  lechanica  i 
ciiopper.  Hie  nodulated  bed,'  the”  passes  through  a  container  tnat  ho  i  os  >  gas 
sjuple.  tneryy  absorbed  from  the  laser  'km"  *f ** .* t. s  the  gas  and  causes  Us  pres¬ 
sure  to  rise.  Since  the  beam  ...iduiaten,  this  n«  .->eure  rise  is  periodic  at 
trie  hi  mi.  moilu  1  at  i  on  frequency.  Ine  periodic  pressure  fluctuations  are  detected 
ny  a  .aicropnone,  converted  to  an  electrical  signal,  and  amplified  by  the  pre¬ 
amplifier.  The  detector  at  the  exit  ot  the  optoacousf ic  cell  is  used  to  sample 
the  laser  beam  so  that  compensation  can  be  made  for  variations  in  the  optoacous- 
tic  spectra  caused  by  wavelength  and  temporal  intensity  fluctuations  of  the 
laser  emission.  The  two  synchronized  lock-in  amplifiers  in  the  siqnal- 
processing  section  compensate  for  phase  changes  due  to  laser  beam  walking,  since 
a  mechanical  chopper  with  narrow  slits  converts  beam  walking  to  phase  changes. 
Compensation  for  the  aforement ioned  effects  is  accompli  shed  by  ratioinq,  with 
the  rationieter,  the  outputs  of  the  lock-in  amplifiers.  The  optoacoustic  spectra 
are  usually  recorded  on  a  strip-chart  recorder  for  subsequent  analysis. 


Acoustic  Signal  Generation  Process 

In  order  to  maximize  the  sensitivity  of  an  optoacoustic  system  ana  enhance 
its  trace  gas  detection  capabi 1 i ties,  one  iust  understand  the  acoustic  signal 
generation  process  and  the  variables  affecting  it. 

The  first  step  in  the  generation  ut  an  optoacoustic  s i gna 1  i_s  the  absorp¬ 
tion  cTT~  energy  from  the  modulated  laser  bean.  This  absTruTl TTTerTjy- produces  a 
periodically  varying  heat  disturbance  in  the  gas  and  becomes  the  source  of  sound 
energy.  A  theoretical  analysis  ot  the  acoustic  signal  generation  process  has 
been  developed  by  Kosengren  (313,  314 J  and  by  others  (/.  .3,  11,  12,  14-lb, 

33-35,  39,  42,  70,  7/,  80,  1  13,  150,  152,  155,  16U,  1  /3-176,  191,  203,  204,  20b, 
2U8,  211,  212,  230-232,  240,  242,  ?5o,  297,  306-308,  352,  354,  368).  The 
important  descriptive  relationships  are  summarized  here: 

The  intensity  of  a  laser  beam  (erq*cm~ "-see" 1 )  can  be  expressed  as  I ( r , t ) , 
where  r  describes  position  arid  t  is  time.  The  heat  disturbance  produced  by  the 
beam  can  be  represented  as  H(r,t).  H  has  dimensions  of  power  per  unit  volume 
(erg •cm"  • sec" * ) .  Tor  many  experimental  situations,  H  and  I  are  related  by  a 
simple  proportionality  constant  (a): 


II  -  a 


(1) 


in  '  (instant  (u)  ha.  dimensions  of  ret  iprocal  length  ('  rf  )  and  is  commonly 
referred  to  as  absorbance.  Tquution  1  is  valid  whim  t.he  two  following  condi¬ 
tions  are  satisfied: 

a.  The  intensity  (I)  is  sufficiently  small  so  that  the  absorbing  transi¬ 
tion  is  not  saturated. 
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1.  Opr  oaconst  i  c  sport  route  t  i>r  pqi.”  pineit.  configuration 


h.  [he  t  ir.e  var  i  .<*  l  ori  ,;!  ]  is  :  inch  slower  * '  i  cs  n  the  *  :  ms  !  r  • 

-i :» S  «.>  r'i  em'iqy  r. •■>}>«!.  >  i  .>  1  •*  to1'  prodm  inn  hr.:'  . 

if  either  or  Doth  conditions  die  satisfied,  ?  tie  r“ !  at  ’  unsn '  r  it- twee':  '<  <*n  f  ■ 
Dec >  :*.*S  c oi  v  I  e x ,  and  quanta; .  •  ..‘c.nuni..a  I  coherent  el  f  eels  •  it.st  "•  >'  ons  ;  :er  •• 

1  or  iituat  i  jus  when  the  two  foregoing  ..ond  i  *.  '•  ons  (a  d"  l  is)  rave  been  sat i si  ie  ' , 

however,  ,i  :  ate  equation  re  I  at  l  mj  H  arui  I  nas  been  d«*v»  i  .»|.ed  by  ‘"ai  ier  (lb.*)  ied 

hruezer 

io  i  1  istratc  the  rate  equation,  let  rj  be  'ne  density  of  absorbing  mole¬ 
cules;  n,  ,  the  density  of  absorb l no  molecules  in  ttie  exulted  state;  h,,  the 

energy  6f  the  transition;  .s.',  the  line  width  of  the  transition;  S,  the  line 

strength  of  the  transition;  t  ,  the  radiative  lifetime;  and  ~  ,  tne  collisional 
decay  time  of  the  upper  state.  The  equation  describinq  the  upper-state 
population  for  paths  of  decay  which  are  radiative  and  col  1 1 si  on- i nduced  is: 


dn 
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dt 
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Under  normal  circumstances,  collisional  excitation  effects  in  the  upper  state 
are  neglected;  this  assumption  is  valid  as  long  as  hv  »  *7,  where  k  is 
Boltzmann's  constant  and  T  is  the  gas  temperature. 

The  solution  of  Equation  2  yields  the  dependence  of  the  upper  state 
population  on  light  intensity  (1),  density  of  absorbing  molecules  (N),  and 
various  parameters  that  describe  the  transition.  Tne  tine  dependence  of  1  can 
be  expressed  as: 


l(t)  =  Io  1 1  <-  f(tj 


where  I0  is  a  constant.  Thus,  a  solution  to  Equation  2  is: 


(ni (t)/N)  -  (D/F)  - 
t 

•  /  exp 

The  spontaneous  decay  rate 


t 

(2FT)"1  (1  -  F  exp{ -  f  [F  ♦  2Hf  ( t  *  )  ?dt '  • 

t' 

1{  I  F  v  2llf  ( t" )  ]dt" ;  dt  *  l 

of  the  upper  state  (t  ' )  is  given  by: 
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The  s'  ihii  luted  rate  (it)  for  uhsur  pt  ion  or  emission  ot  radiation,  is  given  by: 


!)  i  h/(huiAv)  (6) 


and  the  quantity  F  is  defined  as: 


F  =  2D  +  t':  (7) 


The  solution  to  Equation  2,  which  gives  the  upper-state  population  density, 
can  be  simplified  if  the  time  variation  of  I(t)  is  sufficiently  slow.  In 
particular,  if  the  time  variation  of  i(t)  is  slow  compared  to  that  of  F,  then 
the  left  side  of  Equation  2  can  be  set  equal  to  zero.  Under  this  condition,  a 
solution  for  n,  is: 


n ,  (1  S/hviT  Av ) 

N  (2IS/hunAv>)  +  (8) 


Equation  8  shows  the  transition  saturation  effect  for  large  I,  that  is, 

(2 IS/hviAv  »  t"*);  and  in  the  limit  of  large  I,  (n,/N)  becomes  equal  to  (1/2), 
and  the  absorbing  molecules  are  evenly  divided  between  the  upper  and  lower 
states  of  the  transition.  In  the  limit  for  small  I,  Equation  8  reduces  to: 
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(9) 


Thus,  when  the  time  variation  of  1  is  sufficiently  slow,  and  the  intensity 
sufficiently  weak,  ni  is  proportional  to  I. 

Heat  is  generated  in  the  gas  by  the  nonradiative  decay  of  the  excited  state 
population  (n^.  The  rate  of  heat  generation  is  given  by: 


H  ( n  / r ^ ' h v  (in) 


For  those  cases  where  Equation  H  i ;  a  good  approx imat i on ,  Equations  9  and  10  can 
be  combined  to  yield  a  linear  dependence  of  II  on  '.  Ihe  result  is: 


NS  i 

•i  Av  i  (H) 
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Thus,  the  absorbance  (a)  is  defined  as  a  function  of  trie  constants  describ  ;rig 
the  transition  process.  The  optoacoustic  absorbance  given  by  Equation  11 
describes  the  conversion  of  light  energy  into  heat. 

T h e  second  step  in  the  generation  of  the  optoacoustic  signal  is  t he  excit a- 
1 1  on  nT~so'und~in  the  gas.~  The  detailed  theoretical  treatment  ot  tins  pro., ess 
lias  been  developed  by  various  investigators  (7,  8,  11,  12,  14-16,  33-36,  39,  42, 
h),  //,  8U,  113,  150,  152,  155,  16U,  173-176,  191,  203,  204,  206,  208,  211,  312, 
230-232,  240,  256,  287,  30b-308,  313,  314,  352,  354,  368).  The  excitation  pro¬ 
cess  for  acoustic  normal  modes  in  a  sample  cell,  the  calculation  of  the  quality 
factor  for  these  modes,  and  the  generation  of  noise  by  thermal  fluctuations  are 
summarized  in  the  following: 

Sound  in  the  gas  can  be  described  by  the  acoustic  pressure  p(r,t),  which  is 
the  difference  between  the  total  pressure  P,  and  its  average  value,  P0: 


P  »  p  -  P0  UP) 


Morse  and  Ingard  (228)  have  shown  there  is  an  acoustic  velocity  Ju(r,t)'r  and 
temperature  [o(r,t)}  associated  with  the  acoustic  pressure  (p).  The  acoustic 
velocity  is  the  fluid  velocity  of  the  gas  at  position  r  and  time  t  caused  by  the 
sound.  The  acoustic  temperature  is  the  departure  from  the  average  temperature 
(T)  caused  by  the  sound. 

The  heat  (H(r,t,)},  produced  by  the  absorption  of  light,  acts  as  a  source 
for  the  generation  of  sound  (228).  This  effect  can  be  described  by: 


v2p  -  c"2  ( 3p/3t2 )  =  -!(•*-  l)/c2](3H/3t)  (13) 


where  c  is  the  velocity  of  sound,  and  y  is  the  ratio  of  the  specific  heat  of  the 
gas  at  constant  pressure  (Cp)  to  that  at  constant  volume  (Cy). 

Equation  13  is  an  i nhomogeneous  wave  equation  that  can  be  solved  by  taking 
the  Fourier  transform  of  both  sides,  and  expressing  the  solution  (p)  as  an 
infinite  series  expansion  of  the  normal  mode  solutions  (p  )  of  the  homogeneous 
wave  equation  (173,  174,  226-228,  256).  The  Fourier  transform  of  Equation  13 
yields: 


(V2  +  w2/c2)p(r,w)  =  [(y  -  1 )  /  C  2  ]  1  u)i  i  (  r  ,  u) )  (14) 

where 

p(r,t)  -  Jp(r,u)e~lu)t  d-j  (15) 


H(r,t)  -  /H ( r , m ) e  iu)t  d,o  (16) 
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The  normal  mode  solutions  tor  a  homogeneous  wave  equation  are  determined  by  the 
boundary  conditions.  It  the  walls  of  the  sample  cell  are  rigid,  the  acoustic 
velocity  component  normal  to  the  wall  must  vanish  at  t tie  wall.  Since  the 
acoustic  velocity  (u)  is  related  to  the  gradient  ot  p  in  the  following  relation¬ 
ship  (p  is  density): 


u(r,u))  =■  ^ i uvp )  ^ 


it  follows  that  the  gradient  of  p  normal  to  the  boundary  must  vanish  at  the 
ooundary  (17o,  1/4,  223,  256).  This  boundary  condition  determines  the  normal 
mode  solutions  (p-j)  ot  the  homogeneous  wave  equation: 


(7'  +  k  j  ) P  |  (  r )  -  <> 


if  the  resonant  frequency  of  the  norma!  mode  (P j ( r ) )  is  set  equal  to  oh,  these 
modes  will  be  orthogonal  and  may  be  normalized  with  the  normal i zat ion  condition 
given  by  (173,  174,  226-228,  26b): 


p,  >  \  hj 


The  volume  integral  is  over  the  sample  cell  volume  (V^). 

for  a  sample  cell  cylinder  of  radius  a,  and  length  i.  Equation  13  can  be 
written  in  cylindrical  coordinates  (1/3,  1/4,  ?2b-?2«,  25b): 


(  r - )  +  r  ( - 


3yp  r/p.  ui. 

1  J  .  .1 ,  ,  J 

- )  +  1. - )  ♦  P.  (  — 


3  r  3r 


Morse  (22b)  Morse  and  Inqaro  {221,  22H)  found  a  solution  given  by: 


p  j  -  (m<|>)  [AJ  (  (k>rj  +  BN  (  (k*r}[  |C  sin  (k^z)  +  D  cos  (k^z)]  (21) 


where  . I,n  and  N,,:  ore  Bessel  (unctions  of  the  first  and  second  kind,  respectively. 
Since  flM  becomes  infinite  as  r  approaches  nmo,  it  follows  that  B  D,  if 
Equation  2!)  is  to  represent  the  pressure  inside  a  cyl indrical ly-shaped  sample 


cell.  To  satisfy  the  boundary  condition  imposed  by  rigid  sample  cell  walls,  the 
gradient  of  p  normal  to  the  cell  walls  must  vanish  at  the  walls.  If  one  end  of 
the  gas  container  is  set  at  z  =  0,  and  the  other  end  is  at  z  =  i ,  it  follows 
that  C  =  0,  and  the  allowed  values  of  are  given  by: 


kz  =  (w/«.)nz  for  (nz  =  1,2,3,...) 


(22) 


Applying  the  same  boundary  condition  to  the  walls  at  r  =  a,  leads  to  the 
condition  that  the  derivative  of  Jm  (k  r),  with  respect  to  r,  must  vanish  at 
+  r 

r  =  a: 


[d  Jm  (k>r)/dr 


=  0 

+ 

r  =  a 


(23) 


which  is  equivalent  to  the  general  expression  developed  by  Morse  (22ft)  and  Morse 
and  Inqard  (227,  228): 


[d  Jm  (na)/ da] 


=  0 

a  =  a[nn 


(24) 


for  kjt  =  wa mn/a 


(25) 


where  amn  is  the  n^*1  root  of  t fie  equation  involving  the  order  Bessel 
function.  The  requirement  that  p  be  continuous,  limits  m  to  integral  values. 
Substituting  Equation  21  into  Equation  20  yields  the  resonant  frequency  of  the 
mode: 


(26) 


Thus  the  acoustic  pressure  (p)  can  be  expressed  as  an  expansion  of  the 
normal  mode  pressure  components  (pi)  and  their  associated  amplitude  components 
(Aj): 


P  (r,w)  =  );  A  .  ( iii ) p  .  ( r ) 


(27) 
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bubsti  tut  i  mi  '  ijua  t  ion  2/  into  Iquation  li  yields: 


! (y  -  1)/V  |/p*  HdV 

v(w)  =  -  f-.-]  - v--4r~  (*») 

f  1  -  ,r  /m  .  i 
.1  '  J  ' 


which  gives  the  node  amplitude  components  (173,  174,  226-228,  256).  The 
integral  in  the  numerator  on  the  right  side  of  Equation  23  represents  the 
coupling  between  the  heat  disturbance  (H)  and  the  normal  mode  pressure 
components  (p.).  The  denominator  represents  the  mode  resonance  with  A,,  and 
becomes  infinite  as  w  approaches  the  natural  resonant  frequency  mj.  This  physi¬ 
cally  unreasonable  situation  is  the  result  of  the  absence  of  any  loss  mechanism 
in  Equation  13.  A  correction  can  be  made  by  modifying  Equation  28  to  include 
mode  damping  described  by  the  quality  factor  (Q^)  (173,  174,  226-228,  256): 


lio 

A.(w)  -  -  ( - 1 

,r  v  2  ■ 

'»)  . 

3 


-  1)/VC]J  Pj*HdV 


i  hi /  (ii .  Q  .  1 
.1  JJ 


(2b) 


A  method  for  calculating  ()j  from  the  undamped  function,  pj ,  follows: 

To  show  the  explicit  dependence  of  the  acoustic  signal  on  the  gas  absorp¬ 
tion  and  light  intensity,  H  must  be  replaced  in  Equation  29.  Using  Equation  1, 
the  substitution  yields: 


A  (oj)  ,  .  liv„;  1)/Vcjj  Pj* IdV 

j  V2'  |1  -  »2/»  2  -  i to/ u)j Q ^  ]  (30) 


Two  cases  should  be  considered  for  Equation  30.  First,  I  is  assumed  a  con¬ 
stant  throughout  the  volume  of  the  container.  In  this  case,  the  integral  in  the 
numerator  of  Equation  28  vanishes  for  j  *  0.  The  lowest  order  mode  (p0)  has  a 
resonant  frequency  (m0  =  0),  and  represents  a  constant  pressure  change  in  the 
container.  In  this  particular  case,  I  and  p0  are  proportional  to  each  other, 
and  the  vanishing  of  the  integral  for  j  *  0  is  a  direct  result  of  the  orthogon¬ 
ality  of  the  functions  for  pj.  Under  these  conditions.  Equation  3D  reduces  to: 


A0M  =  1^-iLL 

«[1  +  (  1  /mi  j  )  1 


(31) 
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The  time  (ty),  in  the  denominator  of  Equation  31,  is  the  damping  time  for  p0 
resuitinq  from  heat  conduction  from  the  gas  to  the  container  walls.  Assuming 
that  the  gas  container  is  cylindrical  in  shape  with  a  cross  sectional  area  (Ar;), 
length  («,),  and  volume  (Vc),  the  total  light  beam  power  (W)  is  equal  to  IVc/*. 

In  Equation  31  the  intensity  (I)  can  be  replaced  by  WH/Vq,  to  yield: 


A  ((d)  =  _Lall_l_LLWA 
<41  +  i/<UT0]Vf 


(32) 


For  the  second  case,  the  situation  is  considered  where  the  spatial  distri¬ 
bution  of  the  intensity  is  adjusted  so  that  only  the  first-order  inode  (p:)  is 
excited.  Equation  30  reduces  to: 


Aj (m)  = 


-  (-^J 

“l 


a  ( y  -  1 )  W  £ 


Vc[  1  -  (ui2/i*>,2)  -  i(u)/w,Q,)l 


(33) 


Exciting  a  resonant  inode  (i  *  0)  has  distinct  advantages.  At  low  frequen¬ 
cies  (uiT  <<  1),  the  zero-order  mode  amplitude  is  constant,  is  independent  of 
frequency,  and  has  the  value: 


o(y  -  l)WJUy 


VC 


(34) 


At  high  frequencies  (uiy  >>  1),  the  amplitude  decreases  as  l/u>.  The  first-order 
inode  amplitude  reaches  a  maximum  at  u  =  The  ratio  of  the  maximum  amplitude 
of  the  first  resonant  mode  to  that  of  the  iero-order  mode  is: 


V^/yo)  =  q  1/w  jt  j 


(35) 


If  the  value  of  this  ratio  is  greater  than  unity,  then  the  first-order  mode 
amplitude  is  larger  than  the  zero-inode  amplitude.  Thus,  the  value  of  this  ratio 
depends  on  mode  damping. 

Calculation  of  the  quality  factor  (Q)  can  be  accomplished  by  separating  the 
viscosity  and  heat  conduction  losses  into  a  volume  and  surface  loss  (228).  The 
surface  loss  occurs  in  a  thin  region  near  the  walls.  This  region  can  be  consid¬ 
ered  to  consist  of  two  layers  that  extend  out  from  the  wall  of  the  cell.  One 
layer  is  of  thickness  lv ,  in  which  the  viscosity  effects  take  place;  and  the 


other,  of  thickness  fi^,  ’n 
skin  depths  are  (173,  174, 

which  heat  conduction  effects  occur. 
226-228,  25b): 

The  associated 

w‘ 

-  2nM(i 

(36) 

> 

h 

-  2k./piiuC|, 

(37) 

where  n  is  the  viscosity  and  <  is  the  thermal  conductivity  of  the  gas.  The 
total  surface  loss  Lsj )  is  given  by: 

Lsj  =  | A j  |  /:  1/2  Rv|utj|  -  +  1/2  Rh|Pj  I'1  ids  (38) 

where  u. .  is  the  acoustic  velocity  component  tangent  to  the  cell’s  walls,  and 
^  J 

Ru  and  Re,  representing  the  loss  from  viscosity  and  heat  conduction,  are  given 
by  (173,  174,  226-228,  256): 


Rv  :  f  ’^Pq/2)17'' 

(39) 

Rh  :  !(y  -  1)/p0c21(ku./2pCv)1/z 

(40) 

The  volume  loss  ( LVj j 

is  given  by: 

L  •  -  ui . 
vj  i 

2/pV)[(y  -  l)(K/2Cp)  +  (2n/3)  |  V(;|Aj|2 

(41) 

The  energy  (Ej)  stored 

in  mode  j  is  given  by: 

Ej  ‘  Vc!AjfA’oc? 

(42) 
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Iherefore,  the  quality  factor  (Qj  )  can  be  calculated  from  Equal  ion.,  1". ,  41,  and 
42,  and  the  definition  of  1): 


Q  =  w . 
.1  J 


Energy  Stored  in  Mode  j 


Rate  ot  Loss  of  Energy  From  Mode 


(43) 


or 


Qi  =  “i  i- 


L  . 

J 


Lsj  +  Lvj 


(44) 


The  acoustic  normal  modes  of  the  gas-filled  sample  cell  are  also  excited  by 
thermal  fluctuations,  thus  producing  a  noise  source  that  causes  a  fundamental 
limitation  on  acoustic  signal  detection  sensitivity.  Kittel  (165)  has  described 
the  theory  of  thermal  fluctuations.  The  power  spectrum  of  the  noise  is  given 
by: 


4p^c2  kT 

Vj  QJ  U1-2/^2)2  +  (-/UjQj)2! 


(45) 


Mode  damping  has  an  influence  on  thermal  fluctuation  noise.  The  total  energy  of 
excitation  for  a  node  is  equal  to  kT,  and  is  not  affected  by  Q  j .  However,  the 
frequency  components  of  the  noise  depend  on  Qj .  Increasing  QL  shifts  the  noise 
into  a  narrow  band  around  the  mode  resonant  frequency.  In  the  case  where  the 
signal  frequency  is  well  below  the  mode  resonant  frequency  (u  <<  uj).  Equa¬ 
tion  45  reduces  to: 


A  (io 
jnv 


) 


=  4%c' 


kT/u>  Q.  Vr 
J  J  C 


(46) 


This  equation  shows  that  noise  may  be  reduced  by  increasing  f)j. 

A  usetiil  quantity  to  evaluate  the  performance  of  a  detector  is  the  noise- 
equivalent-power  (NEP).  The  ML  I’  of  an  optoacoustic  detector  is  the  amount  of 
power  that  would  have  to  be  absorbed  by  the  gas  to  produce  a  signal  amplitude 
equal  to  the  noise  amplitude  given  by  Equation  45.  For  optoacoustic  systems, 
the  NEP  is  given  by  (4f),  1  73,  1  74  ,  226-228,  256): 


(NEP)'  =  Hnpoc;kTVc7/u),Q.(y  -  1)' 


(47) 
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and  has  the  units  u t  power  (watts)  per  ,qudre-root  of  frequency  (hertz).  The 
value  of  Equation  4/  is  that  it  can  he  used  to  optimize  the  desiqn  of  an  opto- 
acoustic  system.  It  shows  that  the  Nil'  is  reduced  by  increasing  the  resonant 
frequency  and  (). 


Acoustic  Siqrial  Detection 

The  final  step  in  the  generation  of  an  optoacoustic  signal  is  the  detection 
of  the  acoustic  excitation.  The  detector  element  most  commonly  used  is  the  con¬ 
denser  microphone.  In  order  to  calculate  the  magnitude  of  the  electrical  signal 
produced  by  the  microphone  and  compensate  for  the  noise  that  will  be  added  to 
this  signal  by  the  microphone  and  its  associated  preamplifier,  one  must  develop 
the  behavioral  theory  of  the  microphone  in  the  context  of  an  optoacoustic  appli¬ 
cation  (24,  29,  80,  102,  147,  173,  174,  180,  214,  218,  219,  230,  231,  240,  242, 
256,  282,  291,  309,  313,  314,  327-329,  348,  377,  386).  Treatment  of  the  con¬ 
denser  microphone  mechanical ly — in  terms  of  position,  mass,  damping,  and  spring 
constant--has  been  documented  by  several  i nvesti qators  (29,  173,  1/4,  180,  230, 
231  ,  240,  256,  313,  314).  Also,  an  electrical  model  or  the  microphone-- in  terms 
of  its  equivalent  circuit — has  been  developed;  and  a  summary  of  this  model 
rollows  here  (173,  180,  256,  328,  329,  >48,  386); 

The  condenser  microphone  diaphragm  is  usually  fabricated  from  a  thin  metal 
disc  that  is  mounted  to  produce  a  large  radial  tension.  Acoustic  pressure  act¬ 
ing  on  one  side  of  the  diaphragm  causes  it  to  move.  This  motion  is  detected  by 
a  change  in  capacity  between  the  diaphragm  and  a  fixed  plate,  mounted  behind  the 
diaphragm.  Motion  of  the  diaphragm  may  be  described  by  the  modes  of  vibration 
for  a  thin  plate.  Since  the  lowest  order  inodes  will  cause  the  greatest  change 
in  capacity,  only  these  modes  will  be  considered.  The  motion  of  the  diaphragm 
that  generates  a  signal  can  be  described  by  a  single  degree  of  freedom,  which 
corresponds  to  the  diaphragm  bending  into  a  spherical  shape.  To  illustrate, 
consider  the  diaphragm  at  rest  in  the  yz-plane  and  its  center  at  the  origin. 

The  lowest  order  mode  corresponds  to  a  displacement  of  each  point  of  the  dia¬ 
phragm  in  the  x  direction  by  an  amount,  <(r),  given  by. 


x(r)  =  x (0 ) [ 1  -  V  j b2 |  (48) 


where  r  is  the  distance  between  the  origin  and  any  point  on  the  diaphragm,  x(0) 
is  the  displacement  of  the  diaphragm  at  the  origin,  and  b  is  the  radius  of  the 
diaphragm.  The  average  displacement  of  the  diaphragm  can  be  found  by  averaging 
x(r)  over  the  diaphragm  to  yield: 


x  =  (itb2)’1  rf  x(r)r  dr  do  (49) 
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Substituting  Equation  48  into  Equation  49  yields: 


x  =  1/2  [x(0)] 


'  SO) 


that  is,  the  average  displacement  is  one-half  the  displacement  at  the  center. 
The  lowest  order  mode  equation  of  motion  for  tne  average  coordinate  x  is: 


d2x 


dx 


dt 


+  S  —  +  K  x=F 
2  dt 


(51) 


where  in  is  the  mass  at  the  diaphragm;  w,  the  damping  factor;  Km,  the  restoring 

force  (spring  constant);  and  F,  the  external  force  applied  to  the  diaphragm. 

Tiie  external  force  has  two  components  (a  and  b)  : 

a.  the  force  resulting  from  sound  pressure  p,n  Al;l,  where  p,.,  is  the 

average  pressure  over  the  diaphragm,  and  A,,,  is  surface  area  of 
the  diaphragm;  and 

b.  the  force  resulting  from  the  microphone's  bias  voltage. 

The  force  resulting  from  the  bias  voltage  causes  the  equilibrium  position 
of  the  diaphragm  to  shift  a  small  amount  (x0),  which  is  given  by: 


x  /d 
o 


C  V2  /d2  K 
m  B  m 


(52) 


where  d  is  the  distance  between  the  diaphragm  and  the  back  plate  of  the  micro¬ 
phone  capacitor  when  the  microphone  is  unbiased;  Cn  is  the  unbiased  microphone 
capacitance  given  by: 


C„,  a 


c  A  /cl 
o  m 


(53) 


and  V is  the  microphone  bias  voltage. 

The  restoring  force  (Kn)  is  produced  by  the  tension  (I,.,)  in  the  microphone 
diaphragm: 
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(54) 


Thi',  tension  must  be  sot  f  i>.  lent  to  prevent  the  bias  voltane  Iron  pulling  the 
diaphragm  into  nmt  ,ii  i  with  t  he  back  plate. 


Id 


The  simplest  and  most  common  way  to  bias  the  condenser  microphone  is  to 
apply  a  fixed  voltage  bias  through  a  large  resistor  (k|$),  so  that  (Ki$Cm)-1  is 
much  less  than  the  signal  frequencies  of  interest.  The  output  voltage  of  the 
microphone  (Vs)  is  given  by: 
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(55) 


where  ani  is  the  microphone  resonant  frequency  [mm  =  (Km/m)1/2],  and  Qm  is  the 
quality  factor  Qm  =  (mKm/6  )  ‘  ^  .  The  open-circuit  voltage  sensitivity  (Sm)  is 
defined  as  the  low-frequency  (w  <<  ui,n )  ratio  of  the  signal  voltage  (Vs)  to  the 
sound  pressure  (pm): 


S  =  V.,  A  /dK 
m  B  in  r 


(56) 


Sm  in  terms  of  the  microphone  equivalent  volume  (Vm)  is  found  by  combining 
Equations  54,  55,  and  56: 


S  =  VRV  /dyPA 
m  B  in  o  m 


(57) 


The  electrical  signal  generated  by  the  microphone  as  a  result  of  the  opto- 
acoustic  pressure  signal  can  be  calculated  from  Equation  55  by  substituting  the 
proper  value  for  pm.  In  solving  Equation  13  to  find  pm,  one  must  consider  the 
effect  of  the  microphone  on  the  acoustic  behavior  of  the  gas  inside  its  con¬ 
tainer  (173,  180,  256,  313,  314).  The  addition  of  the  microphone  to  the  con¬ 
tainer  affects  the  acoustic  modes  of  the  container  by  changing  the  boundary  con¬ 
ditions  on  p j .  In  the  absence  of  the  microphone,  the  boundary  conditions  on  the 
rigid  container  walls  require  that  the  gradient  of  p  normal  to  the  wall  must 
vanish  at  the  wall.  When  the  microphone  is  added  to  the  container,  the  dia¬ 
phragm  forms  a  part  of  the  container  wall  and  this  part  is  no  longer  rigid.  In 
this  case,  the  boundary  conditions  require  the  acoustic  velocity  normal  to  the 
diaphragm  surface  to  be  equal  to  the  diaphragm  velocity  (dx/dt)  produced  by  the 
acoustic  pressure  (pin),  thus  yielding: 


(v  P)  N  =  jn  “2Pn 

P  K  II  -  (w/u  )-'  -  iioj/w  Q  )]  (58) 

-  -Jm  m  1  v  m;  '  m  in'  1  '  ' 


20 


u“-  1 


r 


..ft  i  h  i s  the  h.iund.iry  cond 1 1 1  on  .it  the  nicruphon*’.  In  I  > ) u.» ’  1  on  ' 

’ll.'  tjf  m  r.*nf  .» t  j-.  >n>rni<i  i  to  the  cii.iphrv.  m.  When  the  |-i  i  •  rophoni'  ;  u  Id"  1  ■  ■>  the 
•ms  .  oMtainor,  jn.l  Iguation  SH  is  used  to  describe  the  hmri  l.m  /  c.ondi  ‘  i.m  ■«  ", 
the  •.  >  I -it  i  op  of  -ijuatiori  Id  will  not,  in  general,  he  orthouunu 1  --and  !  p.  ifio". 
M,  pod  "  v. :  ;  i  not  he  valid.  As  a  result,  sol  vino  !  quat  im  1  r  >r  ‘he 
optuu  oust  i  pr.-ssore  beco- les  ‘tore  complex.  However,  u>  the  ,  .iso  tor  a  H:ri- 
phone  coupled  to  vial!  sample  cell,  a  simplification  ran  he  made  to  reduce  »*>.> 
conp  1 1 ■  \  i  t.y  of  this  <  a  I  ;u  1  a t.  i  on. 

It  the  container  is  small  enough,  and  the  modulation  frequency  is  iuch  ’■■sc 
than  the  respective  resonant  frequency  of  the  sample  cell  and  microphone,  the 
pressure  will  be  constant  and  independent  of  position  in  the  container,  and  the 
microphone  will  behave  like  an  additional  volume  (Vn)  added  to  the  sample  cell 
(  173,  180,  356,  313,  314).  Thus,  A0(u>)  and  Vs  become: 

_  ia(y  -  l)Ut 

^wr^rvvvv;;  (59) 
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which  gives  the  electrical  signal  produced  by  the  microphone.  These  two  equa¬ 
tions  describe  the  signal  generated  by  an  optoacoustic  detector.  They  provide  a 
leans  of  evaluating  the  effect  of  design  changes  on  signal  amplitude  and 
signal-to-noise  performance. 

If  the  dimensions  of  the  sample  cell  are  kept  small,  the  first  acoustic 
resonance  mode  of  the  combined  micronhone  and  container  will  occur  at  the  modi¬ 
fied  resonant  frequency  of  the  microphone.  The  modified  sprinq  constant  (Kn‘ ) 
can  he  calculated  from  the  modified  effective  volume  (V,.,‘): 
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rhe  resonant  frequency  becomes: 
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(63) 


Assuming  that  loss  comes  only  from  microphone  damping,  the  noise  voltage 
|  I Vgn (w )  | ^ )  is  calculated  by  combining  Equations  46,  6b,  and  61-63  (where 

PoC2  *  V  t'n  ) : 


Vs>> 
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u.  q  v  (l  +  v  /\iry 

firm  in  m  C' 


An  optoacoustic  condenser  microphone  can  also  be  modelled  as  a  two-terminal 
electrical  network  (173,  180,  256,  327-329,  348,  386).  The  small  signal  elec¬ 
trical  impedance  of  a  biased  microphone  is  identical  to  a  series  resistance- 
inductance-capacitance;  and  (RLC)  resonant  circuit  shunted  by  a  capacitor.  An 
equivalent  circuit  is  shown  in  Figure  2,  in  which  Cm  is  the  microphone  high- 
frequency  capacitance,  and  C" ,  L,  and  R  are  determined  by  the  restoring  force, 
mass,  and  damping  of  the  diaphragm,  respectively: 


V /d- 


L  =  m/KmC  =  (,or;  C‘  r1 


'  igure  2.  Condenser  microphone  equivalent,  electrical  circuit. 
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Foe  •>  i grid  I  caused  by  an  acoustic  pressure  (pn)  on  the  diaptm,  • .  p*  •  •  •  s 
voltage  (Vu)  in  senes  with  the  k L <  '  resonant  circuit,  and  1.  gi  ven  :>v: 


(A  d/VL  )p 
m  B  n 


(;:  /c  • ) s 

"i  m  n 


!  6  ’ '  i 


where 


C  =  ►  A  /d 
n  o  III 


In  the  mechanical  model  of  the  microphone,  the  noise  appeared  to  be  caused 
by  viscosity  and  iieat  conduction,  which  resulted  in  a  finite  Q.  In  the  electri¬ 
cal  model,  the  noise  is  represented  by  the  resistor  Johnson  noise.  Johnson 
noise  produced  by  the  resistor  in  the  equivalent  circuit  appears  as  a  noise  vol¬ 
tage  on  the  output  terminals,  and  has  exactly  the  same  amplitude  as  the  thermal 
fluctuation  noise.  The  noise  at  the  output  terminals  of  the  microphone  gener¬ 
ated  by  the  Johnson  noise  in  resistor  N  is  (40,  120,  147,  165,  197,  230,  231, 
239,  242,  256,  238,  314): 
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In  the  low-frequency  limit.  Equation  69  simplifies  to: 
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which  is  identical  to  Equation  64, 

In  addition  to  the  thermal  fluctuation  noise,  a  significant  source  of  noise 
will  be  the  microphone  preamplifier  (Fig.  1).  Development  of  the  theory  of 
noise  introduced  by  the  microphone-preampl i f ier  combination  has  been  studied  by 
various  i rivest i gators  (  7,  24,  29,  78,  80,  102,  173,  174,  179,  180,  197,  229-231  , 
239,  256,  314,  327-329,  386).  A  summary  of  this  theory  follows. 

I  he  microphone  electrical  equivalent  circuit  (I iq.  2)  is  also  useful  in  the 
development  of  the  preamplifier  noise.  A  model  of  the  microphone  and  preampli¬ 
fier  equivalent  emu/ it  is  shown  in  Figure  J.  Preamp)  if  ier  noise  is  represented 
by  a  senes  voltage  noise  source  ||Vnd|‘,j,  and  a  shunt  current  noise  source 
||lf|d|2}.  Noise  is  also  generated  by  the  Johnson  noise  of  the  bias  resistor 
(K|j);  capacitor  and  the  associated  feedback  circuit  are  used  to  increase 
the  input  impedance,  and  thus  increase  the  low-frequency  response.  Combining 


..nese  three  no )  se  sources  with  the  microphone  noi  y  ■  ■  * '  Is  the  power  .!'■>  t.r.ji . 
j|Vn|  •  of  the  total  noise  referred  to  the  preamplifier  input.: 
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(/,  24 ,  29,  /H,  HO,  iO^ ,  1/3,  174,  1/9,  180,  19/,  ^29-231,  239,  2b<>,  314, 
327-329,  380) . 


OPTIMUM  OL i> I GN  OF  AN  OP TOACUIJM  1C  SPECTROML  TER 
TO  DETECT  HYDRA/ I Nt  FULLS 


In  designing  an  optoacoustio  spectrometer,  the  optimum  design  will  depend 
on  tiie  purpose  of  t fie  system.  The  ultimate  sensitivity  of  the  system  for 
detecting  minute  amounts  of  an  absorber  gas  will  be  determined  predominantly  by 
the  following  six  factors: 

a.  the  smallest  absorbed  power  detectable  by  the  microphone- 

preamplifier  system, 

b.  the  power  density  of  the  irradiating  laser  beam, 

c.  the  signal  caused  by  scattering  and  subsequent  absorption  of  the 

incident  laser  beam  by  the  microphone, 

d.  the  absorption  cross  section  of  the  molecule  to  be  detected,  and 

e.  the  signal  caused  by  unwanted  absorption  by  other  gas  constitu¬ 

ents  (present  in  the  environment.)  from  which  a  sample  is  drawn 

for  analysis. 

Factors  d  and  e  are  influenced  by  judicious  selection  of  the  absorption  fre¬ 
quencies.  This  selection  process  requires  a  quantity  of  data  about,  absorption 
spectra,  laser  frequencies,  and  possible  interfering  gases.  The  first  three 
factors  (a-c)  can  be  optimized  by  employing  several  of  the  equations  already 
developed  in  the  previous  section  of  this  report  ("Acoustic  Signal  Detection"). 
The  following  paragraphs  present  an  outline  that  can  be  used  for  designing  an 
optoacoustio  gas  spectrometer  for  a  specific  purpose. 

Assume  that  the  laser  source  has  a  fixed  bean  power  of  W  watts,  and  that 
the  sample  cell  is  small  enough  and  the  modulation  frequency  low  enough  that  the 
approximations  made  to  derive  Equations  bU  and  54  are  valid.  The  ultimate  sys¬ 
tem  design  goal  is  to  achieve  tile  greatest  possible  absorption  sensitivity  (max¬ 
imize  the  signal -to-noi se  ratio).  T fie  laser  modulation  frequency  (w),  the 
dimensions  of  the  sample  cell,  and  the  microphone  design  are  the  parameters  that 
can  readily  be  adjusted. 


r 
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For  simplicity,  assume  initially  that  the  microphone  preainpl i f ier  noise  is 
insigni fica-  t  compared  to  the  combined  noise  of  the  entire  system.  Thus,  the 
signal-to-noise  ratio  can  be  calculated  from  Equations  60  and  64  to  yield: 
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The  factor  (y  -  1)';  can  be  increased  in  some  situations  by  selecting  a 
monatomic  gas  such  as  helium  or  argon,  rather  than  nitrogen  or  air,  to  dilute 
the  sample  to  be  measured.  However,  in  the  ''ase  where  the  hydrazine  fuels  are 
diluted  in  air,  y  is  not  adjustable.  The  factor  FT  in  the  denominator  suggests 
operating  the  system  at  as  low  a  temperature  as  possible.  IJnf orturiately , 
condensation  may  prevent  lowering  T  very  much. 

The  factor  (iAm/V(;)‘!  can  be  regarded  as  a  coupling  coefficient  between  the 
microphone  and  the  sample  cell.  This  factor  becomes  large  when  a  large  area 
microphone  and  a  small  cross-section  cell  are  used.  For  example,  if  the  sample 
cell  is  a  cylinder  having  length  i  and  a  cross-sectional  area  Aq,  the  volume  is 
Vq  =  and  the  factor  (kAm/Vc)2  equals  { A m/A c ) 2  -  T°  maximize  this  factor, 
the  smallest  possible  cross-sectional  area  is  selected.  This  area,  however,  is 
influenced  by  the  requirement  to  focus  the  laser  beam  into  the  container.  For 
example,  if  the  laser  beam  is  of  wavelength  \  and  operating  in  the  lowest  order 
transverse  mode,  then  the  minimum  beam  diameter  at  the  ends  of  the  gas  container 
is  achieved  when  the  beam  confocal  parameter  equals  the  cell  length  (79).  The 
resultant  beam  radius  (w)  at  the  input  and  output  windows  is: 


i  /  z 

w  =  ( x  e. /-n ) 


(73) 


The  beam  radius  (w)  is  the  distance  from  the  center  of  the  beam  at  which  the 
electric  field  strength  is  e’1  of  its  value  at  the  beam  center.  The  intensity 
at  this  point  is  e  '  of  its  value  at  the  beam  center.  Selecting  (w)  as  the 
radius  of  the  cylindrical  sample  cell  allows  most  of  the  available  laser  beam 
power  to  enter  the  cell.  The  cell  area  becomes: 


-  Ai  (74) 

Substituting  these  results  into  Equation  72  yields: 
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Ihi,  equation  indicates  that  the  sigita  I -to-nui  se  ratio  increases  js  -he  fre¬ 
quency  is  reduced,  liquation  75  was  derived  from  the  assumption  that  a  »  iq'. 
Thus,  one  must  evaluate  equation  5'f  tu  understand  the  1 ow- frequency  dependence 
ot  the  signal-to-noise  ratio.  equation  58  indicates  that  the  s i gnu  1  -t o-noi  se 
ratio  is  i:ia  / 1  nui:i  when  the  frequency  is  very  low.  Practical  considerations,  v«.  h 
as  t  •  noise  in  electronics,  make  it  nore  realistic  to  select  m  ~  ,.  This 

choice  will  reduce  the  signal-to-noise  ratio  by  a  factor  of  22  from  its  ideal 
low-frequency  limit. 

The  preamplifier  noise  was  neglected  in  the  foregoing  analysis.  When  pre¬ 
amplifier  noise  is  present,  optimum  system  design  will  depend  on  the  nature  of 
the  preamplifier  noise.  The  signal  amplitude  below  resonance  (in.  fill)  indicates 
the  signal  amplitude  can  be  increased  by  selecting  a  large  microphone  equivalent 
volume.  The  maximum  signal  amplitude  is  achieved  for  V(!l  »  V  q .  A  design  goal  of 
Vm  -  Vc  can  readily  be  achieved.  At  low  frequencies,  the  preamplifier  current 
and  Jonnson  noise  from  the  bias  resistor  are  the  main  noise  sources.  If  the 
combined  noise  from  these  two  noise  sources  is  larger  than  the  microphone  fluc¬ 
tuation  noise,  the  signal-to-noise  ratio  is  independent  of  frequency.  If  the 
preamplifier  voltage  noise  is  sufficiently  small,  this  frequency  independence 
will  be  maintained  up  to  the  resonant  frequency  (*.,).  At  this  resonance,  the 
signal-to-noise  ratio  is  enhanced  by  a  iactor  of  Q.  Thus,  operating  at  reson¬ 
ance  is  desirable  if  the  preamplifier  voltage  noise  is  small  and  the  dominant 
noise  source  is  amplifier  current  noise.  When  this  source  is  fluctuation  noise, 
the  signal  and  noise  are  increased  equally  by  resonance,  and  the  optimum  operat¬ 
ing  condition  remains  my*  t~‘.  Under  the  condition  where  several  noise  sources 
contribute,  or  |  Vna  J  ^  and  Jina  7  are  riot  independent  of  frequency,  the  optimum 

opera t i ng  frequency  may  be  different  from  tr  or  m,  (173,  174,  lxu,  25b). 

The  purpose  of  the  following  paragraphs  is  to  utilise  the  absorption  spec¬ 
tra  data  on  the  hydra/ine  fuels,  manufacturers '  equipment  specifications,  and 
the  significant  equations  developed  in  this  report  to  specify  an  optoacoustic 
spectrometer  design  to  detect  the  hydra/ine  fuels. 


Laser  Wavelength  Selection 

The  most  convenient  radiation  to  use  in  an  optoacoustic  system  is  the 
infrared  (IR).  This  radiation  is  absorbed  by  many  pollutants  of  interest  at 
wavelengths  emitted  by  commercially  available  [R  lasers,  and  the  absorption 
dependence  on  wavelength  is  characteri st ic  of  the  molecular  structure  of  the 
gas.  Fortunately  the  bulk  of  air  (N^  ,<), ,  etc.)  is  almost  transparent  to  IR 
radiation  (6,  28,  48,  5?,  70,  81,  M2,  107,  110,  115,  124,  152,  176,  188,  205, 
263,  271,  2//,  317,  318,  322,  330,  351,  356,  368,  360,  183). 

The  IR  absorption  spectra  of  the  hydra/ine  fuels  (hydrazine,  MMH,  IIOMH) 
appear  in  figures  4-6.  Considering  the  commercially  available  isotopic  CO. 

I  isei s,  the  hydra/ine  fuel  absorption  spectra,  and  the  absorption  spectra  of  the 
common  atmosplirr k  const i tueni  .  that  could  he  interferences,  an  operating  wavo- 
lenuth  range  ot  10./  to  Id.  8  urn  appears  optimum  (2,  28,  48,  S11,  /(),  81,  111), 

124,  l‘>2,  l/o,  188,  221,  222,  2/1,  >17,  <18,  322-328,  .  <30,  368,  j;<3).  I  he 
,y  I  van  ian  Model  'ISOA  sea  I  ed- *  one ,  isotopi,  i  ii,  ((,''*  o  '  ,  S-wat  t  laser  satisfies 

these  requirements.  I  he  technical  spe  ificafioris  for  toe  laser  are  listed  in 
Table  2;  the  tunable  operating  wavelengths,  in  lable  3;  and  the  dimensional 
specifications,  in  figure  7  (324-325). 
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insional  speci f ication}  for  the  Syl vania  model  y50\  laser  mead 
sr  exciter,  and  model  7bU  cooliny  unit. 


Variab I  e-Speed  Chopper 


In  order  to  use  a  continuous  wave  (CW)  laser  in  an  optoacoustic  spectrom¬ 
eter,  the  light  entering  the  sample  must  be  modulated.  The  light  energy  can  be 
frequency  or  amplitude  modulated.  The  preferable  method  is  to  amplitude  modu¬ 
late  (chop)  the  laser  light.  Motor-driven  s 1 otted-wheel  mechanical  choppers 
nave  been  designed  for  this  purpose  (37-89,  105,  108,  142,  189,  190,  278,  289). 
For  this  type  of  system,  the  actual  chopping  rate  is  determined  by  multiplying 
the  number  of  apertures  or  slots  in  the  rotating  wheel  by  the  rotational  speed 
of  the  drive  motor.  To  minimize  the  synchronous  background  signal  caused  by  a 
motor-driven  chopper  wheel,  the  wheel  must  be  balanced  and  vibrational ly  decou¬ 
pled  from  the  sample  cell  by  means  of  shock-absorbing  mounts.  In  addition,  the 
chopper  and  sample  cell  should  be  spaced  as  far  apart  as  possible;  this  step 
usually  involves  placing  the  chopper  wheel  near  the  laser  exit  window.  Also 
desirable  is  minimizing  the  rotational  velocity  of  the  wheel  by  using  a  maximum 
number  of  apertures.  McClelland  and  Kniseley  have  suggested  the  use  of  a  solid 
chopper  wheel  (no  slots)  to  reduce  acoustic  emission  (205-208).  Such  a  wheel 
could,  for  example,  be  made  by  depositing  or  photo-etchi rig  a  metallic  film  pat¬ 
tern  onto  a  fused  silica  disc. 

Oscillatory  devices,  such  as  a  tuning-fork  chopper  or  a  galvanometer-driven 
mi rror- vane,  can  also  be  used  for  modulating  the  laser  energy.  However,  such 
devices  are  usually  limited  in  frequency  and/or  aperture. 

Mechanical  chopping  can  be  avoided  altogether  if  a  pulsed  laser  is  used.  A 
brief  investigation  of  this  approach,  however,  revealed  no  commercial  source 
with  an  acceptable  combination  of  pulse  energy  and  lifetime. 

The  mechanical  variable-speed  light-chopper  suitable  for  this  task  is  the 
Princeton  Applied  Research  Model  192  Variable  Speed  Light  Chopper.  This  unit 
has  a  variable  chopping  rate  ranging  from  5  to  5500  cycles/sec  (Hz)  (19U,  278). 
Integrated  circuitry  provides  dual  reference  signals  (0-5  volt  peak  square 
waves)  at  chopping  rates  suitable  for  synchronizing  the  reference  channels  of 
the  lock-in  amplifiers  that  will  be  used  in  this  optoacoustic  spectrometer 
design.  A  brushless  direct-current  drive  motor  eliminates  electrical  noise 
caused  by  commutator  arcing,  and  minimizes  increases  in  operating  temperature. 
Maximum  temperature  rise  for  this  type  of  motor  in  continuous  operation  is  less 
than  10°C,  a  characteri stic  especially  important  in  IR  work  where  warmer  chop¬ 
ping  blades  act  as  an  extraneous  noise  source.  A  shock-mounting  plate  provides 
mechanical  isolation  between  the  chopper  motor  assembly  and  the  work  surface. 


Microphone  and  Preampl i f ier 

The  pressure  oscillation  amplitudes  in  a  sample  cell  can  be  detected  with 
various  transducers,  including  condenser,  electret,  and  piezoelectric  micro¬ 
phones  (7,  20,  29,  34,  35,  39,  54,  55,  58,  77,  /8,  80,  81,  96-98,  102,  114,  118, 
143,  150,  152,  160,  173,  174,  179,  180,  198,  203,  204,  208,  212,  218,  219,  230, 
231,  240,  256,  26/,  264,  280,  287,  309,  313,  327-329,  339,  348).  The  condenser 
microphone  is  t.h<j  most  sensitive  and  possesses  a  flat  frequency  response  in  the 
modulation  frequency  rariye  of  interest  for  optoacoustic  spectroscopy. 
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In  order  to  use  a  continuous  wave  (CW)  iaser  in  an  optoacoustic  spectrom¬ 
eter,  the  light  entering  the  sample  must  he  modjlated.  The  light  energy  can  be 
frequency  or  amplitude  modulated.  The  preferable  method  is  to  amplitude  modu¬ 
late  (chop)  the  laser  light.  Motor-driven  s I otted-wheel  mechanical  choppers 
nave  been  designed  for  this  purpose  (3/-H9,  105,  108,  142,  189,  190,  278,  289). 
For  this  type  of  system,  the  actual  chopping  rate  is  determined  by  multiplying 
the  number  of  apertures  or  slots  in  the  rotating  wheel  by  the  rotational  speed 
of  the  drive  motor.  To  minimize  the  synchronous  background  signal  caused  by  a 
motor-driven  chopper  wheel,  the  wheel  must  he  balanced  and  vibrational ly  decou¬ 
pled  from  the  sample  cell  by  means  of  shock-absorbing  mounts.  In  addition,  the 
chopper  and  sample  cell  should  be  spaced  as  far  apart  as  possible;  this  step 
usually  involves  placing  the  chopper  wheel  near  the  laser  exit  window.  Also 
desirable  is  minimizing  the  rotational  velocity  of  the  wheel  by  using  a  maximum 
number  of  apertures.  McClelland  and  Kniseley  nave  suggested  the  use  of  a  solid 
chopper  wheel  (no  slots)  to  reduce  a  oustic  emission  (205-208).  Such  a  wheel 
could,  for  example,  be  made  by  depositing  or  photo-etch i rig  a  metallic  film  pat¬ 
tern  onto  a  fusel  silica  disc. 

Oscillatory  devices,  such  as  a  tuning-fork  chopper  or  a  galvanometer-driven 
mirror-vane,  can  also  be  used  for  modulating  the  laser  energy.  However,  such 
devices  are  usually  limited  in  frequency  and/or  aperture. 

Mechanical  chopping  can  be  avoided  altogether  if  a  pulsed  laser  is  used.  A 
brief  investigation  of  this  approach,  however,  revealed  no  commercial  source 
with  an  acceptable  combination  of  pulse  energy  and  lifetime. 

The  mechanical  variable-speed  light-chopper  suitable  for  this  task  is  the 
Princeton  Applied  Research  Model  192  Variable  Speed  Light  Chopper.  This  unit 
has  a  variable  chopping  rate  ranging  from  5  to  5500  cycles/sec  (Hz)  (19U,  278). 
Integrated  circuitry  provides  dual  reference  signals  (0-5  volt  peak  square 
waves)  at  chopping  rates  suitable  for  synchroni zi ng  the  reference  channels  of 
the  lock-in  amplifiers  that  will  be  used  in  this  optoacoustic  spectrometer 
design.  A  brushless  direct-current  drive  motor  eliminates  electrical  noise 
caused  by  commutator  arcing,  and  minimizes  increases  in  operating  temperature. 
Maximum  temperature  rise  for  this  type  of  motor  in  continuous  operation  is  less 
than  10°C,  a  characteri stic  especially  important  in  IR  work  where  warmer  chop¬ 
ping  blades  act  as  an  extraneous  noise  source.  A  shock-mounting  plate  provides 
mechanical  isolation  between  the  chopper  motor  assembly  and  the  work  surface. 


Microphone  and  Preamulifier 

The  pressure  oscillation  amplitudes  in  a  sample  cell  can  be  detected  with 
various  transducers,  including  condenser,  electret,  and  piezoelectric  micro¬ 
phones  (7,  20,  29,  34,  35,  39,  54,  55,  68,  77,  78,  80,  81,  96-98,  102,  114,  118, 
143,  150,  152,  160,  173,  174,  179,  180,  1^8,  203,  204,  208,  212,  218,  219,  230, 
231,  240,  256,  257,  264,  280,  287,  309,  313,  327-329,  339,  348).  The  condenser 
microphone  is  the  most  sensitive  and  possesses  a  flat  frequency  response  in  the 
modulation  frequency  range  of  interes*  for  optoacoustic  spectroscopy. 


The  most  sensitive  microphone-preamp  I  » f  ter  combination  i  lent  1 1  i  c-1  f  run  com¬ 
mercial  sources  is  the  liruel  &  Kjaer  Model  4144  dir  condenser  microphone  :>nc 
Model  Tf  6 1 9  low-noise  preamp]  i  tier  fb8,  109,  X 1 4 ,  213,  219,  339),  The  important 
technical  characteri sties  of  the  m  i  crophorte  ami  preamplifier  are  sunmari  zed  in 
lahles  4  and  5,  respectively  (63,  109,  214,  213,  219,  339). 


Laser  Power  Meter 

n  laser  power  meter  is  employed  as  a  reference  detector  in  the  optoacoustic 
spectrometer  shown  in  Figure  1.  The  use  of  this  meter  permits  the  optoacoustic 
signal  to  be  normalized;  and,  as  a  result,  temporal  effects  of  laser  power  vari¬ 
ations  are  eliminated  (290).  The  instrument  most  suitable  for  this  application 
is  a  thermopile  detector  (Model  210),  manufactured  by  Coherent  Palliation  (134). 
Ihe  technical  specifications  for  this  power  meter  are  sumnar i zed  in  Tah!e  6 
(134). 


Lock-In  Ampl  i  t  ier 

The  lock-in  amplifier  is  one  of  the  most  common  and  effective  instruments 
designed  to  measure  extremely  weak  signal  intensities  in  the  presence  of  noise 
(1,  2,  24,  41,  44,  46,  62,  63,  66,  67,  /4,  80,  90,  93,  99,  120,  131,  172,  190, 
225,  230,  231,  243,  244,  273,  236,  302,  314,  337,  349,  350,  364,  335).  In  prin¬ 
ciple,  they  operate  as  extremely  narrow-band  detectors.  A  measurement  in  which 
a  lock-in  amplifier  is  utilized  involves  three  main  operations:  amplitude  modu¬ 
lation  (AM)  of  a  carrier  wave  with  the  desired  signal  information;  selective 
amplification;  and  synchronous  AM  demodulation.  The  AM  step  is  implemented  at 
some  specific  point  in  the  experimental  system  (e.g.,  chopping  of  laser  light); 
and  the  lock-in  amplifier  performs  the  last  two  processing  steps  (1,  24,  41,  44, 
46,  62,  63,  66,  74,  90,  93,  99,  120,  131,  225,  243,  244,  337,  549,  350). 

The  key  step  in  a  lock-in  amplifier  measurement  (the  step  which  gives  the 
technique  its  name)  is  synchronous  AM  demodulation.  Synchronous  demodulation 
involves  multiplication  ot  the  modulated  carrier  wave  by  a  reference  signal 
(chopper  reference  signal)  which  has  exactly  the  same  frequency  as  the  carrier 
wave  and  is  phase-locked  to  the  carrier  wave  at  zero  degrees  phase  shift. 
Demodulation  is  completed  by  integrating  the  output  of  the  multiplication  step; 
this  process  can  be  accomplished  using  a  low-pass  filter. 

A  block  diagram  of  a  conventional  lock-in  amplifier  is  shown  in  Figure  8. 
Two  input  channels  are  provided:  one  to  process  the  signal  to  be  measured  (am¬ 
plitude  modulated  carrier);  and  one  to  process  the  reference  signal.  In  almost 
all  lock-in  amplifier  optoacoustic  spectroscopy  systems,  the  phase-lock  refer¬ 
ence  signal  is  implemented  by  chopping  the  light  beam  with  a  mechanical  chopper. 
The  reference  signal  is  then  phase-locked  to  the  carrier  frequency,  but  is  not, 
in  general,  locked  at  a  zero  degrees  phase  differential.  Thus,  a  phase  shifter 
is  required  in  order  that  the  relative  phase  of  the  reference  signal  can  he 
adjusted  with  respect  to  the  carrier  signal.  The  comparator  in  the  reference 
channel  converts  the  reference  to  a  bipolar  square  wave  before  this  waveform  is 
applied  to  the  four-quadrant  multiplier.  Selective  or  tuned  amplifiers  are  also 
included  in  each  channel,  and  are  used  to  exclude  broad-band  and  discrete  noise 
at  the  desired  signal  fr equem  les.  Ihe  f our-quadrant  multiplier  generates  a 
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*  ropt-r  t , 

Value 

'  ’Owfjr  ju pp  •  > 

120V/2  mA 

26 V/U.l>  mA 

He«j  ter  6  v/6vJ  mA 

l  jr  i  / > 1 1  i  on  !  f 

Transmitted  through  preamplifier  to 
microphone  cartridge  from  power 
supply 

I  '4'U  t  i  mpt.-dan*  '  • 

>10  042/ /0. 8  pi 

>7oV2//1  pf 

Output  impedance 

<2  3  a 

<70  )2 

‘-Viximum  (Jut put  current 

1  •  mA  peak 

0.3  m/ A  peak 

Dulse  Wise  T  i  me 

0.2  ps 

0.2  ps 

Pu 1 se  Decay  T i me 

0.6  ps 

0.6  ps 

Temperature  Range 

-20°  to  t  60° C 
(-4°  to  +  1  4 0° F  ) 

-20°  to  t  60°C 
(-4°  to  +  )  40°  F  ) 

At tenuat i on 
(Preamp  1 i t i er  a  1  one) 

<0.03  db 

<0.1  dD 

Preamplifier  Noise  (dummy  microphone) 
(Lin.  20  Hz  to  200  kHz  and  A-weightod) 

— 

6u  pF  (1  in.  microphone) 

<13  pV 

<2.5  pV 

17  pF  (1/2  in.  microphone) 

<2  5  p  V 

<4.5  pV 

b  pi  (1/4  in.  microphone) 

<50  pV 

<1  5  pV 

3.3  pF  (1/(3  in.  microph'.ne) 

<70  pV 

<2  5  pV 

Dimensions:  Ui  imeter: 

Length: 

12.  1  mm  (0.5  i n. ) 

83  mm  (3.23  in.) 

caLle  Length 

2  m  l  b .  6  ft) 

TAfcJLt  6.  TECHNICAL  CHARACTERISTICS  OF  COHERENT  kAUIAIION 
MODEL  210  LASER  POWER  MEIER 


Property 

Value 

Detector 

7t»ermop  i  1  e 

Spectral  Rango  (pm) 

0.3  -  30 

Ma x i tnui.1  I’owor  Capacity  (watts) 

10 

Ri-.i-  lime  (psoc) 

1 

Accuracy  (per  cent) 

*> 

Ac  t  i  vo  l  io  t  ec  tor  Ar  ea  ( mrr  ) 

1.8  1 

f’r  u.n  (Doc  /9) 

11,200 

M -  .  .  . 

- 

V 


S I  yiid  I 
Input 


%«■  U’ct  i  v<* 
Amp  I i I ier 


f  «Uif  Mill 

Mult  i pi  i*»r 


I  ow  I '.is*. 

I  i  W  i*» 


Uut  pul 

S  I 


HHonuup  I  *!«•)«•(  t  i  vt» 

Input  M  Amplifier 


Figure  8.  Conventional  lock-in  amplifier  >  1  o c k  diagram. 


product  of  t. Me  phase-compensated  carrier  and  reference  signals.  This  multipli¬ 
cation  process  produces  the  desired  intonation  in  a  hand  ot  frequencies  about, 
the  zero  frequency  component.  Demodulat ion  of  r n< •  desired  siqnal  is  completed 
by  integrating  the  output,  of  the  mu  1 1 ;  ■< !  i  cati  on  process  using  a  low-pass  filter 

Several  commercially  available  lock-in  amplifiers  are  suitable  for  proces¬ 
sing  optoaooustic  spectroscopy  signals  (1,  87,  88,  Mg,  90,  93,  138,  139,  140, 
141,  14,7 ,  193,  749,  255,  880,  ?.H\\  331,  337,  341  ,  349  ,  350) .  These  are,  in  gen 
eral ,  complete  processing  systems  and  are  very  flexible  in  their  application. 
Most  of  these  systems  merely  require  a  direct  connection  to  a  suitable  trans¬ 
ducer  (condenser  microphone/preampl i tier)  and  reference  signal  (mechanical  chop 
per).  A  strip-chart  recorder  connected  to  the  lock-in  amplifier's  output  is 
convenierr.  for  producing  a  permanent  record  of  the  processed  information.  The 
most  versatile  lock-in  amplifier  for  this  optoacoustic  spectrometer  application 
is  the  Princeton  Applied  Research  Corporation  (PARC)  Model  124A  with  plug-in 
preamplifier  Model  117  (90,  93,  193,  249,  780,  281,  331,  332,  341,  350).  A  sum 
iid ry  of  the  technical  characteri st  ics  for  this  lock-in  amplifier  and  preampli¬ 
fier  combination  appears  in  Table  /  (90,  93,  193,  249,  280,  281,  331,  332,  341, 
350). 


Rat iometer 

Compensation  and  normal ization  of  laser  beam  temporal  intensity  fluctua¬ 
tions  and  phase  chanqes  can  be  accomplished  using  the  configuration  of  lock-in 
amplifiers  and  ratiometer  shown  in  figure  1.  (The  function  of  the  lock-in 
amplifiers  has  been  discussed  in  the  foregoing  section.)  Normal ization  of  the 
two  lock-in  amplifier  output  signals  can  be  accomplished  with  several  commer¬ 
cially  available  instruments  (144,  249,  290,  331,  332).  The  ratiometer  most 
suitable  for  this  optoacoustic  spectrompter  design  is  the  Princeton  Applied 
Research  Corporation  (PARC)  Model  188  Precision  Digital  Ratiometer  (249,  331, 
332).  The  electrical  output  characteri st ics  of  this  ratiometer  are  compatible 
with  most  laboratory  strip-chart  recorders.  A  summary  of  the  technica1  specifi 
cations  for  the  Model  188  ratiometer  is  presented  in  Table  8  (249,  331,  332). 
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frequency  Range  (Hz) 


Maximum  c  u  I  I  -  S  c  a  I  e  Sensitivity  (nanovolts) 


Time  Constant 


Signal  Channel:  Modes  of  Filtering  and 

Input  Impedance  (Zjn) 


Reference  Channel  Modes 


Output  Stability  (>  in  24-hour  period) 


Price  (with  preamplifier)  (Dec  79) 


Modes:  Notch,  Flat,  High-Pass, 

Low-Pass,  and  Bandpass. 

C  =  1-100  with  10  per  cent 

tquivalent  Noise  Bandwidth 

Z:n  =  100  megohms  shunted  by 

20  picofarad  capacitance 


Internal  Voltage  Control  lea 
Osc i  I  I ator 


15  ppm 


20  nanovolts  to  100  millivolts 
in  21  levels 

>0.5  per  cent  (I  microvolt  to 
100  millivolts) 

1  per  cent  (20  nanovolts  to 
500  nanovolts) 


$4,  785 


Sample  Cell  Design 


In  designing  an  optoacoustic  system,  the  optimum  configuration  depends  on 
the  specific  application.  The  equations  presented  in  the  preceding  section  of 
this  review  can  he  used  to  design  an  optoacoustic  spectrometer  to  measure  the 
hydrazine  fuels. 


This  design  will  use  a  nonresonant,  single-pass  sample  cell;  and  the  micro 
phone  will  he  coupled  directly  to  the  gas  container.  The  microphone  and  pre¬ 
amplifier  technical  characteristics  appear  in  Tables  4  and  5  (08,  109,  ?14,  ?13 
?19,  349).  The  laser  will  be  operated  at  a  wavelength  of  10.81?  him.  For  sim¬ 
plicity,  the  sample  cell  and  microphone  equivalent,  volumes  are  assumed  espial 
(Vr  --  V„). 

Thus  the  radius  and  length  of  an  optimally  designed  nonresonant  single-pas 
ell  can  he  calculated  from  tquations  /3  and  / 4: 


l  =  O',/*)  -  11.78  cm 


w  =  (V _Jvt)  =  6.366  x  10”^  cm 


T  Ml  I 


It  CUN  I  UAL  CHAIfAU  I  LR  I  ST  I US  OF  RR  I  NCi  ION  A'TLItl) 
Kl  NLAKUH  MOOf.L  l«fl  IWCIMON  UIUIIAI  KAMoMfMK 


Property 

Va  1  uo 

Features 

•4-1/2  Digit  Display 

•  Kat  io  (  A/B) 

•  Log  uj  t i o  (1 og  A/B) 

•Direct  input  Display  of 

Channel  A  or  B 

• uog  of  Direct  Input 
{ 1  oq  A  >r  B) 

1 nput  Sens  i t i v i ty 

10  volts  full  scale  for 

Channel  A  or  d 

Input  Coup  1  i ny 

Direct  current  coupled 

Input  Impedance 

COO  Ki  Joints 

Maximum  Input  Voltage 

>  10  volts  full  sea le 

Input  Offset  Voltage 

>  t)  microvolts  per 
degree*  Jonti  grade 

Accuracy 

>0.5  per  cent  average 

Ou  tputs 

•Direct  Ratio  Output:  10  volts 

full  sea  le 

•Log  Output:  1  volt  per  decade 
•Output  Impedance:  I  kilohm 
•Output  offset  voltage:  100  micro¬ 
volts  per  degree  Centigrade 

Cost  (Dec  1979) 

*1,740 
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Tut1  thermal  damping  time  (fly)  can  be  calculated  by  equating  it  to  trie  recipro¬ 
cal  of  the  frequency  at  which  (given  by  Eq.  3/ }  is  equal  to  the  container 
radius: 


tT  “  p0  Cp  {/H) 

Substituting  the  values  for  air  at  STP  [p0  -  1.29  x  1 0- 3  gm*cm'3,  Cp  =  0.24  cal 
(gin  •  deg)-1,  and  k  =  5.48  x  10’5  cal  (cm-sec  •  deg)"1]  yields: 


1.145  x  10  2  sec 


(79) 


The  noise  equivalent  power  (NLP)  can  be  calculated  from  Equation  47.  Since  the 
effective  spring  constant  is  doubled  when  the  microphone  is  coupled  to  the  gas 
container,  it  follows  that  u>j  Q,  =  2  to,,,  Qni.  The  optimum  modulation  frequency 
is  u>  »  i'1.  For  the  speed  of  light  (c  =  3.31  x  104  cm  •  sec"1)  and  y  =  1.403, 
Equation  47  yields: 


NEP  =  3.6  x  10“ 1 1  W/(Hz)  1/2 


(30) 


Since  the  absorbed  power  is  (W«i),  the  minimum  detectable  absorption  (um-jn)  is: 


a  .  =  3.06  x  10"12  W/Ccm- (Hz)  1 '  2J 


(81) 


The  values  of  the  electrical  circuit  elements  in  the  equivalent  circuit  of 
Figure  2  can  be  calculated  using  the  data  from  Tables  4  and  5.  Substituting 
into  Equation  65  yields: 


C  /C'  =  8.7 
nr 


(82) 


Therefore, 


C1  =  5.1  x  in'-2  farads 


(33) 


When  the  microphone  is  coupled  to  the  sample  cell,  the  spring  constant  is 
doubled  and  the  series  capacitance  (C1)  for  the  equivalent  circuit  is  given  by 
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substitution  into  Equation  68,  where  Vq  is  in  volts  and  pn,  is  in  dyrtes-per- 
square  centimeter.  Thus, 


VG  -  4.4  x  10'2  pn  (84) 

The  values  of  the  inductance  (L)  and  resistance  (R)  are  given  by  substitution 
into  Equations  66  and  6/.  Thus, 

L  =  71  henries  (8b) 

R  =  4.68  x  10r'  ohms  (8b) 

The  Johnson  noise  voltage  generated  by  this  resistor  (R)  is: 

(4kTR )  1/2  =  280  nanovol ts/(Hz) 1/2  (87) 

Combining  Equations  84  and  87  yields  the  equivalent  noise  pressure: 

-  l n  (88) 

(p2noise)  =  6  x  10"°  dyne  *  cn|2/(Hz) 

If  the  frequency  is  well  below  resonance  (w  <<  wj ) ,  the  voltage  given  by  Equa¬ 
tion  88  appears  as  a  voltage  at  the  input  terminals  of  the  preamplifier: 

( V2^]  =  29  nanovolts/(Hz) 1/2  (89) 

In  order  for  the  preamplifier  not  to  be  the  limiting  noise  source,  the  amplifier 
voltage  and  current  noise  must  be  small  compared  to  this  value,  that  is: 

(|V  I2)1'2  <  29  nanovolts/(Hz) 1/2  (90) 

M^aP  * U  <  w  Cm  MVnmP  "  I°’16  amperes/ (Hz) 1/2  (91) 
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Assuming  that  the  current  noise  is  produced  by  shot  noise  in  the  leakaqe  current 
of  the  input  field-effect  transistor  (FLT)  of  the  preampl i f ier,  the  leakaqe  cur¬ 
rent,  Ig,  is  restricted  to: 


I U  <  0.06  x  Iff*2  amperes 


(92) 


The  results  of  the  foreqoinq  calculations  are  summarized  in  Table  9.  The  sample 
cell  for  a  hydrazine  fuel  optoacoustic  spectrometer  is  shown  in  Figure  9.  A 
schematic  of  the  optoacoustic  system  shows  the  integration  of  all  components 
specified  in  this  analysis  (Fig.  10).  The  relative  equipment  costs  are  summa¬ 
rized  in  Table  10. 


CONCLUSION 

This  analysis  has  presented  the  basic  theory  of  optoacoustic  spectroscopy 
oriented  toward  designing  a  specific  system  to  measure  the  hydrazine  fuels.  The 
fundamental  goal  in  designing  this  system  has  been  to  measure  absorption  with 
the  greatest  possible  sensitivity  and,  thus,  maximize  the  si gnal -to-no' se  ratio. 
In  this  analysis,  all  vital  components  have  been  selected  from  commercially 
available  sources  and  integrated  into  a  system  design. 

A  word  of  caution  is  due,  however,  because  only  the  fundamental  sources  of 
noise  have  been  considered.  In  any  real  system,  additional  noise  sources  may 
further  degrade  performance.  Some  commonly  encountered  problems  are  extraneous 
acoustic  noise,  vibration-induced  noise,  and  unwanted  signals  generated  by 
absorption  of  laser  beam  energy  by  sample  cell  walls  and  windows.  To  fine-tune 
a  specific  system,  each  of  these  practical  problems  would  have  to  be  resolved. 
For  such  purposes,  experimentation  has  yielded  the  best  results  in  the  past,  and 
would  be  expected  to  do  so  in  the  future. 
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TABLE  9.  SUMMARY  OF  OPTIMUM  DESIGN  PARAMETERS  FOR  A  HYDRAZINE  FUEL  .v- 
OPTOACOUSTIC  SPECTROMETER  ' 


Parameter 


Sample  Cell  Optical  Path  Length  (£.) 

11.78  cm 

Rad i us  of  Samp  1 e  Ce 1 1  (w) 

6.366  x  UT2  cm 
_ 1 

Zero-Order  Mode  Damping  Time  (T) 

_2 

1.145  x  10”  sec 

Noise  Equivalent  Power  (NEP) 

3.6  x  I0-11  W/(H z)  1/2 

Minimum  Detectable  Absorption  (ilmjn) 

-12  1/2 

3  x  10  u  W/ (cm* (Hz )  1 

Signal  Source  Voltage  (Vg/Pm) 

-2  2 

4.4  x  10  V/(dyne*cm  ) 

Microphone  Series  Resonant  Capacitance  (O') 

5.1  x  ID'12  farads 

Microphone  Series  Resonant  Inductance  (L) 

71  Henries 

1  Microphone  Series  Resonant  Resistance  (K> 

4.66  x  10^  ohms 

Equivalent  Noise  Diaphragm  Pressure  (Pn2)^/2 

6  x  10'6  dyn/ [cm2* (Hz) 1/2 1 

Noise  Voltage  at  Preamplifier  1 n put  Resul t  i  ng 
from  Thermal  Fluctuation  in  Microphone  and 

Samp le  Cell  ( Vnm2) 1 /2 

29  nanovol  ts/  (Hz )  ^2 

Amplifier  Noise  Voltage  (Upper  Limit) 

<29  nanovolts/(Hz) 

Amplifier  Current  Noise  (Upper  Limit)  (I2d)^2 

<10-16  amperes/  (Hz)  */2 

FET  Gate  Leakage  Current  (Upper  Limit)  (Ijj) 

12 

<  0.06  x  10  amperes 

Mechanical  Chopper 
(PARC  Model  192) 


* 


TAiil.t  10*  Kl-  lAI  I  vt  o»  i  T  1 0  Hh  L  ,  '<  •  I  *U  M  -  Jb  1 


Component 

^ost 

(  1979) 

CCW  Loser  and  Power  Supply 
(Syl vania  Model  9bQh) 

1 16,460 

eU->  Laser  Cooling  unit 

(  by  1  van  ia  Model  750) 

i  1,725 

Variable  Speed  Chopper 

(PAKC  Model  192) 

HI 

Mi crophone 

(U'uel  A  Kjaer  Model  4144) 

S  505 

Microphone  Preamplifier  and  Power  supply 
<a-uol  A  Kjaer  Models  2619  4  2804) 

%  1,175 

L.ise.’  Power  Mi- tor 

v  ,oheront  Kadijticn  Vo  do  1  210) 

5  I,.’f)0 

~i 

Lock- 1  n  Amp'  1  i  f  i  or 

(PAi\C  Mo 1  1  24A ;  2  R<?qu  i  red) 

*  v ,  b  \i 

Pa t  i om».: tor 

(PAK,  Vjdol  1u8) 

B 

Samp  1  o  1  1 

CJbAt  oAM  Shop  »  !  b  t  or  ialb) 

B 

Ntl  LSI  IMATt  (UOo  1  '<79) 

V 54,645 

4/ 
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